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ABSTRACT 
We consider t h e  physics o f  t h e  a n n i h i l a t i o n  o f  phot inos 6) as a func- 
t i o n  o f  mass i n  d e t a i l ,  i n  order  t o  ob ta i n  t h e  energy spectra o f  t h e  
cosmic-ray p ' s  produced under t h e  assumption t h a t  7 ' s  make up t h e  miss-  
i n g  mass i n  t h e  g a l a c t i c  halo. We then compare t h e  modulated spectrum 
a t  1 a.u. w i t h  t he  cosmic-ray p data. A very  i n t r i g u i n g  f i t  i s  obta ined 
t o  a l l  o f  t h e  present ij up t o  13.4 GeV data f o r  m. A. 15 GeV. We p r e d i c t  
a c u t o f f  i n  t h e  6 spectrum a t  E = w above whichYonly a small f l u x  from 
secondary product i  on shoul d remai n. 
1. In t roduc t ion .  It has recen t l y  been 2uggested (1 )  t h a t  a n n i h i l a t i o n  
from a dark mat te r  ha lo  made up of  3 GeV y I s  may account f o r  t h e  sup r i s -  
i ng l y  l a r g e  low-energy ij f l u x  repor ted i n '  Ref. 2. Other i n t e res t i . r g  
p o s s i b i l i t i e s  e x i s t  f o r  producing such f l uxes  which are a l so  of poten- 
t i a l  cosmological and ast rophys ica l  importance (e.g. Ref. 3 and OG 6.1- 
8). The phot ino hypothesis a l so  a f f o rds  a t e s t  f o r  whether we 1 i ve i n  a 
un iverse where supersymmet r y  (boson-fermi on- symmetry) i s re1 evant . 
Indeed, measurements o f  cosmi c-ray i j l s  from anni h i  1 a t i  on can enable 
t h e  cosmi c-ray p h y s i c i s t  t o  determine t h e  mass o f  t h e  7 ,  This, however, 
r e q i  res  a c a l c u l a t i o n  of t h e  energy spectrum of cosmi c-ray i j ' s  produced 
i n  y a n n i h i l a t i o n  and 6 ' s  and modulat ion o f  t h i s  spectrum i n  o rder  t o  
d i r e c t l y  compare w i t h  observed f luxes. We present here t h e  r e s u l t s  of . 
such a ca l cu l a t i on .  
2. Phot ino (and Hi ggsino) Physics. Supersymmetry i s  a r e l a t i v e l y  new 
p r i n c i p l e  i n  p a r t i c l e  physics which has been invoked t o  account f o r  t h e  - 
"smallness" o f  t h e  W-boson mass (compared w i t h  t h e  grand u n i f i c a t i o n  
sca le )  and poss ib ly  t o  incorpora te  g r a v i t y  i n t o  a u n i f i e d  f i e l d  theory .  
According t o  t h i s  p r i n c i p l e ,  each o rd inary  boson and fermion has a 
supersymmet r i  c par tner  and t h e  1 i ghtest  supersymmet r i  c par5 i  c l  e (LsP) 
should be stable.  A prime candidate f o r  t h e  LSP i s  t h e y  (or,  more 
genera l l y ,  a poss ib le  mass s t a t e  admixture o f  t h e  7 (having gauge 
i n t e r a c t i o n s )  and neu t ra l  h i  ggsi no (having Yukawa i n t e rac t i ons )  ). I f  
such a s t a b l e  p a r t i c l e  i s  made i n  t h e  e a r l y  big-bang, i t  becomes a 
candidate f o r  t h e  dark mat ter  i n  t h e  un iverse (along w i t h  o ther  - 
possi  b i  1 i t i e s  such as massive neut r inos,  ax i  ons, b lack holes, e tc .  ). 
The mass dens i t y  o f  such p a r t i c l e s  i n t h e  un iverse scales i nve rse l y  w i t h  
t h e  a n n i h i l a t i o n  cross sec t ion  t imes v e l o c i t y  <crv>. A value near t h e  
c r i t i c a l  dens i t y  can be obtained by choosing a reasonable value f o r  t h e  - 
pr ime unknown parameter invo lved  i n  t h e  c a l c u l a t i o n  (4,5), viz., t h e  
mass o f  t h e  sca la r  fermion w_hich mediates t h e  ann ih i l a t i on ,  w. For two 
p a r t i c u l a r  values f o r  t h e  y mass, w = 3 GeV, chosen i n  ~ % f .  1, and 
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m- = 20 GeV, we ob ta in  t h e  f o l l o w i n g  formulas f o r  t h e  mass dens i t y  of 
ph%tinos as a f r a c t i o n  of t h e  c losure  dens i ty :  
m~ = 3 GeV 
R. Y = ( )  h-2(3/50 G ~ v ) ~  Y 
, IW = 20 GeV 
Y 
where h i s  t h e  Hubble constant i n  u n i t s  of 100 km s-1 Mpc-1 . I n  bo th  
cases, t h e  mass o f  t h e  sca la r  fermi on 7 requi  red t o  ob ta i  n 
R. = 1 i s  -50 GeV, a value which may f i n d  some support i n  i n t e r p r e -  
t x t i o n s  o f  t h e  monojet events observed a t  t h e  CERN pp c o l l i d e r  (6). 
Phot inos o f  mass much above 20 GeV w i l l  no t  g i ve  cosmolog ica l ly  
s i g n i f i c a n t  mass dens i t i es .  
The energy spectrum of t h e  p ' s  produced i n  7 a n n i h i l a t i o n s  may be 
obta ined from stud ies of quark - je t  f ragmentat ion i n  ete- c o l l  i d e r  
experiments. I n  these experiments, t he  f r a c t i o n a l  energy d i s t r i b u t i o n  
funct ions obtained f o r  t h e  var ious secondary p a r t i c l e s  produced a re  
observed t o  sca le  w i t h  energy (7). We may w r i t e  
w i t h  t h e  numerical f a c t o r  i n  u n i t s  of p b  GeV2. Here s i s  t h e  square o f  
t h e  cms energy, B i s  t h e  r e l a t i v e  v e l o c i t y  and x i s  t h e  energy o f  
t h e  jj expressed as a f r a c t i o n  o f  t h e  mass of t h e  a n n i h i l a t i n g  7. From an 
ana l ys i s  o f  t h e  var ious experiments found i n  t h e  l i t e r a t u r e ,  we f i n d  
t h a t  t h e  p d i s t r i b u t i o n  f unc t i on  can be represented as f a l l i n g  between 
upper and lower l i m i t s  given by 
<8.5 exp ( - l l x )  + 0.25 exp(-2x) 
5 (d") = { 
B dx >7.7 exp ( - 1 4 . 5 ~ )  + 0.17 exp ( - 2 . 5 ~ )  
The t o t a l  a n n i h i l a t i o n  cross sec t i on  i s  given by (4) 
where t h e  f ' s  are  t h e  q u f r v  lfsd leptons ( fermions) produced i n  t h e  
anni h i  1 a t i o n  and B = (1-m / m - )  . 
f Y  
N 3. Fluxes from y A n n i h i l a t i o n  i n  t h e  Ga lac t i c  Halo. I f  we assume t h a t  
t h e  g a l a c t i c  ha lo  mass i s  made up almost e n t i  r e l y  o f  7 Is ,  from r o t a t i o n  
curve determinat ions (see,e.g.(8)) we f i n d  t h a t  a uni form ha lo  has a 
mass dens i t y  on average of  - 1 GeV/cm3 w i t h i n  10 kpc o f  t h e  g a l a c t i c  
center.  A ha lo  w i t h  an isothermal mass d i s t r i b u t i o n  would have a mean 
mass dens i t y  a t  10 kpc ga lac tocen t r i c  d is tance o f  - 0.4 G e ~ / c $ .  
D i v i d i n g  by t h e  phot ino mass m~ then gives t h e  pho t ino  number 
dens i t y  w. The product ion r a t e  o f  I n t i  protons produced by anni h i  1 a t i  on 
i s  Y 
2 -3 -1 -1 Q ( E - )  = w a ~ q - f ( E - )  cm s GeV , P Y P Y  (5 )  
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where c -  i s  the  number of i t s  produced i n  t h e  a n n i h i l a t i o n  (determined 
by m-) Rnd t h e  spect ra l  product ion f unc t i on  f(E-) i s  normalized so t h a t  
i t s ? n t e g r a l  i s  un i t y .  The d i f f u s i o n  c o e f f i c i e x t  f o r  cosmic rays a t  10 
kpc ( t he  so la r  ga lac tocen t r i c  d is tance)  i n  t h e  energy range i n v o l v e d  
( r i g i d i t y  P i n  GV) i s  (9) 
2  -1 D = f3 PO*' cm s (6) 
which imp l i es  t h a t  t he  re levan t  an t ip ro tons  d i f f u s e  - 100-200 pc i n  t h e  
mean l i f e t i m e  T -5 x  1014 s  determined f o r  t he  g a l a c t i c  d isk  i n  t h e  
s o l a r  neighborhood. The i5 f l u x  i n  i n t e r s t e l l a r  space i s  then 
1 1 1  1 1 1 1 1 )  1  1 1  1 1  1 1 1  
- 4. Solar  modulation. Ine e t t ecc  o t  s o l a r  
- modulation i s  most 
: impor tant  i n  t h e  low - 
- I energy range o f  Ref .2. 
- We have est imated t h e  
- 
amount o f  proton modu- 
- 1  a t i  on occur r ing  du r i ng  
t h e  re levan t  t ime p e r i o d  
- o f  t h e  s o l a r  cycle,  viz., 
5 June 1980, based on t h e  
- Pioneer Hel ios-1 and 
- ISEE-3 data (10). This 
IP - - y i e l d s  expressions f o r  
- 
t h e  e f f e c t i v e  d i f f u s i o n  
: c o e f f i c i e n t  f o r  modula- 
- 
T(p) GeV 
* 
F i  g. 1 Unmodulated and modulated spectra f o r  3  GeV and 20 GeV pho t ino  
anni h i  1  a t i  on compared w i t h  data and cosmi c-ray secondary product ion 
spect ra  (CRS) and modulated CRS (MCRS). 
5. Results. Fig. 1 shows tJe i n t e r s t e l l a r  and modulated spectra 
obtained f o r  3 GeV and 20 GeV y masses, compared t o  t h e  observat ions 
(2,12,13) and t h e  standard secondary ca l cu la t i ons  (14). The spectra 
a re  normalized t o  f a l l  near t h e  data po in ts ,  however, such a f i t  i s  we l l  
w i t h i n  t h e  uncer ta in ty  o f  t h e  f l u x  ca l cu la t i on .  Both funct ions i n  eq. 
(3) y i e l d  s i m i l a r  resu l t s .  Fig. 2  shows t h e  p /  r a t i o  as a f unc t i on  o f  * 
energy f o r  3  GeV (A) ,  15 GeV (0 )  and 20 GeV (C P phot ino masses and t h e  
standard secondary product ion p red i c t i ons  (D). The data a re  from Refs. 
2, 12, and 13. - 
There may be some evidence f o r  a  -15 GeV phot ino mass c u t o f f  i n  t h e  
h ighest  data po in t .  I n  any case, i t  i s  c l e a r  t h a t  (1) phot ino masses o f  
360 OG 6.1-9 
re /;- is the nu ber of pIS produced in the annihilation (determined 
y -) 8nd the spectral roduction f ction f ~  is nor alized so that 
it  ~ gral is it  e diff sion coef icient for cosmic rays t 10 
kpc (the solar galactocentric di tance) in the energy range i volved 
(rigidity P in GV) is (9) 
'" 1026 13 pO•7 c 2s-1 (6) 
ich i li s that the relevant antiprotons diff e ~ 100-  pc in the 
ean lif time T ~ x 1011+ s determined for the alactic disk in the 
solar neighbor . he p flux in i t rstel ar space is then 
I 
VI 
1: 
10. 
24 -2 -1 -1 -1 ( ) Ip = Qrec/4n = 1.2xl0 Q cm s sr GeV 7 
b----:..:;m:...LY = 3 GeV 
UNMOD 
4. Solar odulation. 
Ine eff t of solar 
dulation is st 
i rtant in the low 
energy range of . . 
have esti ated the 
amount of proton odu-
lation occur ing during 
the relevant ti e eriod 
of the solar cy l ., 
June 198 , based on the 
Pi er He 1 i s-1 and 
I E-3 data ( his 
yields expressions for 
the effective diffusion 
coef icient for dul -
tion by the solar wind. 
The interstellar p 
spectrum may then be 
numeri cally modul ated to 
compare with the 
10 - 3 L-...oL-L--'-...L.IL.L.L.L.I..l..-------'----L-L-LLLll.L-"--'--L.....L...L.LLW..J1 0 2 0 b s e rv at i on s (11) • 10- 1 10 
T(p) GeV 
Fi g. 1 nmodul ated and odul ated spect ra for 3 GeV and 20 GeV phot i o 
an i ilation co pared ith data and co y secondary production 
spectra ( S) and odulated CRS (
5 esult . Fi . 1 shows the i terstel ar and odulated spectra 
obtai d for 3 GeV and 20 GeV y , co pared to the observati s 
( ,13) and the standard secondary p calculations ( The spectra 
are nor alized to fal  near the data poi , ho v r, such a fit is el  
ithin the uncertainty of the flux calcul ti . oth functions in eq.
(3) yield similar result . Fi . 2 shows the pip ratio as a function of 
energy for 3 GeV ( 15 GeV (B) and 20 GeV ( ) photi o asses and the 
standard secondary producti on predi cti ns ( The data are from Ref . 
2, 12, and 13.
T ere ay be some evi nce for a ~ GeV photino as  cutof  in the 
hi hest data poi t. In any cas , it is clear that (1) photino asses of 
t h i s  order y i e l d  an a n n i h i l a t i o n  spectrum w i t h  a shape and poss ib le  f l u x  
t h a t  f i t s  a l l  o f  t h e  
present data on cosmic- 
ray pls, and 2) owing t o  
I I I 1 1 1 1 1 1  I I I I N  1 1 1 1  I I , ,  1 1 1 1  t h e  kinematic c u t o f f  i n 
t h e  a n n i h i l a t i o n  spect -  
= 
- 
- 
. : 
- 
rum, f u t u r e  h i gh  energy 
observat ions (15,16) t o  
P - look f o r  a c u t o f f  i n  
k - I  t he  IS spectrum can, i n  p r i  nc i  p l  e, determine both 
t he  ex is tence o f  a 
lo-4 r .-, g a l a c t i c  pho t i  no ha1 o and 
i t h e  mass of  t h e  pho t ino  
i i t s e l  f. 
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